Our studies of terahertz pulse propagation in the atmosphere have identified the two most optimal communication channels. The potential of these channels is demonstrated by physically accurate linear dispersion theory calculations of digital pulse propagation, showing it is possible to have two high-performance, point-to-point digital terahertz links in the atmosphere: a direct 95 GHz, 20 km ground link at 9.5 Gb∕s with power loss of 10 dB due to water vapor at RH 58% (10 g∕m 3 ) and 20°C, and a direct 250 GHz, geosynchronous satellite link at 20. An important problem for the operating worldwide telecommunications network is to provide isolated cities and communities and remote industrial, technical, and scientific sites with wideband access to the fiber backbone [1] [2] [3] . Currently, their best access is with microwave ground links or satellite links. Another longstanding problem is to be able to provide emergency, high-bandwidth backup service for the loss of an optical fiber link. Here, we describe the potential of wireless terahertz (THz) ground links or satellite links to provide low-loss, high-bandwidth digital connections, as possible solutions to these problems [1] [2] [3] . Here, we show accurate new linear dispersion theory (LDT) calculations of THz bit pulse propagation through the atmosphere in the physically optimal communication channels I and II. The channel locations and the calculations are based on precise THz characterizations of the absorption and refractivity of the atmosphere [4, 5] .
An important problem for the operating worldwide telecommunications network is to provide isolated cities and communities and remote industrial, technical, and scientific sites with wideband access to the fiber backbone [1] [2] [3] . Currently, their best access is with microwave ground links or satellite links. Another longstanding problem is to be able to provide emergency, high-bandwidth backup service for the loss of an optical fiber link. Here, we describe the potential of wireless terahertz (THz) ground links or satellite links to provide low-loss, high-bandwidth digital connections, as possible solutions to these problems [1] [2] [3] .
Here, we show accurate new linear dispersion theory (LDT) calculations of THz bit pulse propagation through the atmosphere in the physically optimal communication channels I and II. The channel locations and the calculations are based on precise THz characterizations of the absorption and refractivity of the atmosphere [4, 5] .
As shown in Fig. 1 [5], we have recently measured the passage of transform-limited 1 ps THz input pulses with input spectra from 0.1 to 1.0 THz through a 167 m round trip optical path, where the pulse absorption and reshaping were caused by the atmospheric water vapor with RH 51% at 21°C. The stable pulseshape feature at the front of the transmitted pulse in Fig. 1(a) has propagated through the water vapor with very little spectral loss and dispersion [5] . This stable propagated pulseshape was shown to have the highlighted coherent spectrum in Fig. 1(b) , which overlapped the optimal communication channels I and II.
As shown in Fig. 1(b) , these optimal communication channels are defined by physical boundaries. Channel I starts with strong O 2 lines at 60 GHz and extends to the 183 GHz water vapor resonance line; channel II extends from 183 GHz to the 325 GHz water line. In order to perform LDT calculations of pulse propagation within these channels, we need accurate values of the frequency-dependent absorption and refractivitiy of the atmosphere. For these values, we used all knowledge to date concerning the atmosphere, and summed over the JPL database [6] , for both water vapor and oxygen.
For the LDT calculations to demonstrate the excellent THz bit pulse propagation for communication links within channels I and II, we will use the ideal raised cosine input spectra [7] , centered on 95 for THz link I and 250 GHz for THz link II, with FWHM bandwidths of 30 and 50 GHz, respectively, as shown highlighted in Fig. 2 .
The calculated amplitude transmission from 0 to 400 GHz is shown in Fig. 2(a) , for a path length of 2 km in the atmosphere at RH 57.8% (10 g∕m 3 ) and 20°C, for van-Vleck Weisskopf (v-VW) calculations [5] of water vapor with FWHM linewidths of 6.3 GHz [8] , for oxygen with a cluster of approximately 25 overlapping relatively strong lines at 60 GHz with FWHM linewidths of 1.2 GHz, and for a single weak O 2 line at 120 GHz [9] .
The calculation also includes the important but poorly understood water vapor continuum absorption [10] [11] [12] [13] [14] . For our application, the continuum absorption shown in Fig. 10 of [10] is well approximated by the simple function
for which f is the frequency in gigahertz, the parameter B 600, and α o 2.33∕km, corresponding to the limiting power loss of 10.1 dB∕km for RH 34% (H 2 O density 5.9 g∕m 3 ) at 20°C. For the case of Fig. 2(a) , the H 2 O density of 10 g∕m 3 required the continuum absorption to be increased, by setting α o 3.95 km in Eq. (1). Figure 2 and 20°C and oxygen. For channel I the phase is also shown for a 10 km path length.
We obtain the group velocity dispersion (GVD) for the two channels by taking the numerical second derivative with respect to the angular frequency of the phase curve in Fig. 2(b) . The GVD results are presented in Fig. 3 , in optical fiber units of ps 2 ∕km [7] . The two highlighted bands, located in regions of small and stable GVD, mark the THz link I centered at 95 GHz with a FWHM of 30 GHz and the THz link 2 centered at 250 GHz with a FWHM of 50 GHz. These center frequencies were chosen to minimize both absorption and GVD.
As shown in Figs. 2 and 3 , channel I has significantly less absorption, less dispersion, and less GVD than channel II. Consequently, for application examples, the channel I pulses are chosen for lower frequency, lower bit rate, and longer ground link, and the channel II pulses are chosen for higher frequency, higher bit rate, satellite link, and a shorter integrated zenith path through the atmosphere [15] .
The calculated propagated pulses are obtained from an LDT calculation in the frequency domain [4] , using the absorption and phase displayed in Fig. 2 , as shown below:
for which the input complex amplitude spectrum is given by E0; ω, and the output complex spectrum is given by Ez; ω. The refractivity phase Φ Δkωz, and the amplitude transmission is exp−αωz∕2. The resulting time-domain pulses are the inverse fast Fourier transform (IFFT) of the frequency-domain result Ez; ω. We have proven our LDT calculations by direct comparison with excellent agreement with measured transmitted pulses with propagation distances of 6.18 and 137 m [5] .
In order to characterize our communications channel I [7] , a propagation calculation for three transform-limited, THz "one" bit pulses of the channel I ground link is shown in Fig. 4(a) , before and after passage through 20 km of atmosphere with water vapor at RH 58% (10 g∕m
3 ) and 20°C. The symmetry of the input pulses shows that they are transform-limited with the envelope determined by the raised cosine spectrum [7] . After 20 km of propagation in the atmosphere the pulses are attenuated and slightly broadened with some loss of symmetry due to GVD, although the center frequency and bandwidth were chosen to minimize these effects. However, they are still well resolved and would allow good bit recognition.
This almost undistorted 20 km digital pulse propagation is consistent with the initial observation shown in Fig. 1 of the undistorted pulse propagation of the feature at the front of the strongly reshaped main pulse. The feature was shown to have a spectrum overlapping channels I and II [5] .
For applications, these coherent bit pulses were changed to current pulses by simulating homodyne detection with a 95 GHz (period of 10.5263 ps) local oscillator (LO), and using a power detector. For coherent detection, the bit separation is nine LO periods equal to 94.737 ps, corresponding to the bit rate of 9.5 Gb∕s. The calculated current bit pulses were obtained from the homodyne low frequency component centered on zero frequency with a FWHM of 30 GHz. The resulting "one" bit pulses shown in Fig. 4 An important demonstration of a custom-built Nippon Telegraph and Telephone Corporation (NTT) prototype wireless system [2] was the 800 m wireless transmission trial of the live television broadcast coverage of the Beijing 2008 Olympics [2] . The transmitted power of 10 mW of the 120 GHz band with 10 GbB (10.3125 Gb∕s) had simple amplitude shift keying, and the receiver sensitivity was −35 dBm for a bit error rate of less than 10 −12 [2] . The NTT system would be capable of driving the proposed 20 km link, using 2 m dish antennas, but with a change to the optimal carrier frequency of 95 GHz for lower absorption and minimal GVD. The total of the atmospheric loss of 10 dB and the diffraction loss of 26 dB for our 20 km link is 34 dB, giving the proposed system a power margin of 9 dB, for a transmitted power of 10 mW.
A similar propagation calculation for three transformlimited, channel II, THz "one" bit pulses with a center frequency of 250 GHz to minimize both loss and GVD is shown in Fig. 5(a) , before and after passage through 2 km of atmosphere with water vapor at RH 58% and 20°C (equivalent to the zenith integration) [15] . Compared to the channel I performance, these channel II pulses clearly show both higher attenuation and much increased GVD. The transmitted bit pulses have broadened so that they are starting to overlap and they have significant asymmetry, even though their central frequency is at the optimal location on the GVD curve with an appropriate bandwidth.
These coherent bit pulses were also changed to current pulses by simulated homodyne detection with a 250 GHz (period of 4 ps) LO. The bit separation is 12 LO periods equal to 48.000 ps, corresponding to the bit rate of 20.833 Gb∕s. The resulting "one" bit pulses shown in Fig. 5(b) are ideal for digital electronics.
The proposed channel II THz link to a geosynchronous (GEO) communications satellite approximately 35 800 km above sea level has several important features compared to existing satellite links. Using a 5 m diameter antenna for the earth gateway antenna, the diffraction-limited beam power diameter at the satellite would be only 2.57 km. The power transfer between the 5 m ground antenna and the 2 m satellite antenna is given by the propagation loss of only 62.1 dB, compared to 90 dB for a 10 GHz microwave system with a 20 m Gateway antenna and a 2 m satellite antenna. The full angular 250 GHz beam power divergence is 0.072 mrad, requiring an achievable pointing accuracy and stability four times better than the human eye. A feature of this alignment precision is secure point-to-point communications.
It is important to note that this work is contained within the millimeter-wave domain, also designated as the extremely high frequency (EHF) domain extending from 30 to 300 GHz [3] . The proposed channel I, THz ground link with center frequency of 95 and 30 GHz FWHM bandwidth essentially fills the EHF-W band with boundaries from 75 to 110 GHz [3] . The channel II, THz GEO satellite link with center frequency of 250 GHz is also within the EHF domain.
At the present time no operative W -band communication systems have been developed [3] , and there is no commercial activity from the W band up to 300 GHz, the high frequency limit of the EHF range. The W band is currently considered as the frontier for space telecommunications.
Our results, which can enable many applications, have demonstrated the importance of the center frequency of wide-band allocations for optimized digital communications in the THz (EHF) frequency range [3] , for which crosstalk is much reduced due to the line-of-sight nature of the THz links.
In summary, by combining recent measurements with the latest physical understanding of the atmosphere and using the extensive JPL and (HITRAN) databases, we have presented, to our knowledge, the most comprehensive description of the absorption, dispersion, and GVD from 0.06 to 1 THz to date, and have thereby located the two optimum communication channels in the atmosphere. The performance of these channels was demonstrated by the simulated transmission of digital pulses through the channels, using LDT, based on the accurate absorption, dispersion, and GVD description of the atmosphere. Channel I was demonstrated to enable a THz ground link with a center frequency of 95 GHz and FWHM bandwidth of 30 GHz that could transmit 9.5 Gb∕s through 20 km of standard atmosphere. Channel II enabled a THz (GEO) satellite uplink with a center frequency of 250 GHz and a FWHM bandwidth of 50 GHz that could transmit 20.8 Gb∕s through the atmosphere.
These channels with minimum loss and GVD were chosen to optimize their performance to transmit digital data, without regard for frequency band boundaries and bandwidth allocations. The properties of these channels should stimulate field testing and development, and serve as a guide to future frequency allocations.
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